Abstract-In this paper, the propagation characteristics of an enhanced-thickness magnetic nanoparticle thin film are investigated on high resistivity silicon substrate (10,000 ohm-cm) for the first time up to 60 GHz. Contrary to other thin films, this nanoparticle thin film can achieve a thickness up to several hundred nanometers, even to micron. The enhanced thickness of this thin film is achieved by repeated coating of CoFe 2 O 4 and poly, thus providing the thin film with the high permeability capable of potential practical wireless applications. Finite Ground Coplanar (FGC) waveguides are fabricated and characterized on silicon with the novel thin film. The measured attenuation and effective dielectric/magnetic constant are reported. Results show that the FGC waveguides with the thin film feature a lower attenuation compared to those on silicon for frequencies higher than 18 GHz. The extracted relative permeability has a value of 68 by matching of the effective dielectric/magnetic constant between simulation and measurement.
I. INTRODUCTION
riven by the demand of monolithic microwave integration, magnetic nanoparticle thin films [1] - [2] with high r µ developed on CMOS compatible process, find numerous applications in high-speed wireless communication systems, (e.g. integrated inductors [3] - [5] ), integrated electromagnetic noise countermeasures [6] , and sensing [7] - [8] .
In the traditional integrated spiral inductors with a good low quality factor, it is hard to achieve large inductance values even with an increased number of turns. As a result, a large area of the chip is occupied by inductors. Magnetic thin films, meanwhile, with high permeability, have the potential to provide compact integrated inductors with high inductance and good quality factors due to the reduced loss and the fact that the flux is constrained in the thin film instead of the whole substrate. For integrated electromagnetic noise countermeasure applications, magnetic thin films provide a large attenuation in the desired stop band, while sustaining the insertion loss in the passband. For sensing applications, the large permeability of the thin film enhances its sensitivity. In this paper, an enhanced-thickness magnetic nanoparticle thin film is presented. This thin film is capable of allowing multiple nanoparticle layers up to several hundred nanometers, even up to a micron. The thin film presented here has 30 layers of nanoparticle with the size of ~10nm per nanoparticle. A smaller attenuation and larger extracted relative permeability of this thin film compared to those on silicon are observed in the experiment and simulation. This paper is organized as follows: the fabrication of the thin film and the CPW calibration lines are introduced in section II. The measurements of attenuation and effective dielectric/magnetic constant are discussed in section III. The simulation of the relative permeability of the thin film is presented in section IV, closing with the conclusions in section V.
II. CIRCUIT FABRICATION
The magnetic nanoparticle thin film was formed by taking the following four steps: The first step was the making of metal acetate (Co(
were dissolved in 100 mL of distilled water and stirred until all salts dissolved. Then, 100 mL of 1 M NaOH was added into the solution and the solution was stirred for 1 hour. A precipitate was collected by centrifuging for 10 minutes and then washed with distilled water repeated for 4 times. The precipitate was dissolved in 25 mL of glacial acetic acid and then stirred until all dissolved. The solution was heated until it was dried. The solid (Co(C 2 H 3 O 2 ) 2 & Fe(C 2 H 3 O 2 ) 3 ) was then collected and grounded.
The second step was the making of the nanoparticle, CoFe 2 O 4 . Metal acetates were added to 40 mL of dibenzyl ether and 10 mL of oleylamine and then stirred under Ar atmosphere at 140 ℃ for 1 hour to dissolve the metal acetates. The temperature of the solution was raised to 240 ℃ for 1 hour under Ar atmosphere. The solution was allowed to cool to room temperature. The particle was collected by a magnet, washed several times with an ethanol and then dried for 24 hours in air. The particle size was calculated from X-ray diffraction measurements and the quantitative chemical analysis was obtained by inductively coupled plasma measurements which showed the ratio of 1:2 between Co and Fe.
Once the nanoparticle was formed, the third step was to prepare the two solutions for the making of the thin film. To remove the surfactants from nanoparticles, a solution containing nanoparticles (CoFe 2 O 4 ) in pH 12 was stirred in the ultrasonicator (VCX 600, Sonics & Matrials Inc.) for 1 hour. The nanoparticles were collected using a magnet was washed with a series of distilled water and ethanol. A solution was made with distilled water and collected nanoparticles. The polymer solution was diluted from poly.
The fourth step was the attachment of the thin film on the substrate. The thin film was formed on a silicon wafer with and without metal coating. The metal coated silicon wafer with thin film was for the capacitance measurements to determine the dielectric constant of the thin film and will be discussed later in this section. The thin film on the silicon wafer was used for measurements of the propagation characteristics, including attenuation and effective dielectric/magnetic constant.
The cleaned silicon wafer was dipped into the polymer solution for 5 minutes. Afterwards, the wafer was washed with a series of water and ethanol and then dried. The silicon wafer was put in the solution containing nanoparticle for 5 minutes. The unattached particles were removed with washes of water and ethanol, and the silicon wafer was dried. The coatings of the polymer and the nanoparticle for the thin film were alternatively repeated to get the desired thickness. The thickness of the film on the silicon wafer was measured in a profiler (KLA-Tencor P15). Fig. 1 gives the SEM picture of the thin film. Fig. 2 shows the schematic diagram of how to make thin film on the silicon wafer. The uniqueness of the process is the potential capability to build a film up to a few microns. Once the nanoparticle thin film with the desired thickness was formed, the finite coplanar waveguide (FGC) was patterned on top of the thin film as a benchmarking topology. Different from [2] , where the lift-off process was employed to obtain the finite coplanar waveguides, a silicon micromachined shadow mask was adopted to get the finite coplanar waveguide directly by using the E-Beam evaporator. The silicon shadow mask was used here to keep the thin film intact from the potential chemical contamination in lift-off process. The silicon shadow mask was fabricated on a low-resistivity silicon substrate. The finite coplanar waveguide pattern on the shadow mask was etched through using the DRIE process. The process to prepare the silicon shadow mask is the same as [9] .
After the silicon shadow mask was obtained, it was mounted on the silicon wafer with thin film. The silicon wafer with the thin film was evaporated with Ti/Cu/Au for 20nm/1um/20nm using E-Beam evaporator. The schematic of the silicon wafer with thin film and metals are shown in Fig. 3 . S denotes the width of the signal line and is equal to 180um, while W denotes the width of the slot between the signal line and the ground, and is equal to 108 um. B denotes the width of the ground and is equal to 500 um for the benchmarking structures.
III. MEASUREMENTS
The finite ground coplanar waveguide prototypes consisted of Thru-Reflect-Line (TRL) calibration standards with six delay lines of 2300 um, 3200 um, 4200 um, 5300 um, 6500 um, and 8000 um to cover the frequency range of 5 -60 GHz. The NIST MULTICAL algorithm [10] - [11] was used in the calibration to compute the propagation constants, as
where, γ is the propagation constant, α is the attenuation constant, β is the phase constant. The measurements were taken on an Agilent Vector Network Analyzer (VNA) 8510XF. A pair of GSG 250 um pitch probes was used in the measurement. The effective dielectric/magnetic constant including both effective permittivity and the effective permeability is extracted from MULTICAL. Although the relative permittivity and relative permeability of the thin film is unknown at this point, an increase of ~10% in the effective dielectric/magnetic constant over a wide bandwidth is observed from the experiment in Fig. 4 . Compared to [2] , the effective dielectric/magnetic constant is increased in the hereby presented thin film. The measured attenuation of the finite coplanar waveguide on high resistivity silicon with the thickness of 525 um and on the nanoparticle thin film is shown in Fig. 5 . The attenuation on the thin film is less than that on high resistivity silicon when the frequency is higher than 18 GHz since the wave field is concentrated in the nanoparticle thin film, which has a most probably lower loss. At lower frequencies, less than 18 GHz, the difference of attenuation is relatively small. The loss in the conductor, which is dependent on the geometry of the lines and the conductivity, dominates the attenuation at low frequencies and is approximately proportional to the square root of the frequency. At high frequencies, the loss in the dielectric increases and is roughly proportional to the frequency. To calculate the relative permittivity of the thin film, a capacitance measurement was performed similar to the one presented in [2] and [12] . Different from [2] , where Au was used as the metal layer between the thin film and the silicon, Cr was chosen in this paper because the thin film formed on it has better uniformity and adhesion; three metals, Au, Cu and Al, were also compared in our experiments. The Cr layer was evaporated on the silicon substrate with a thickness of 2.2um. Once the thin film was formed on the Cr layer, round aluminum electrodes with diameter of 2mm and thickness of 0.5um were evaporated with shadow mask. The capacitance between every two adjacent aluminum electrodes was measured by using a Capacitance Analyzer. To reduce the variance brought by the non-uniformity of the thin film, a large number of measurements were taken and averaged. The averaged relative permittivity of the thin film was 1.19. 
IV. SIMULATIONS
The lower loss on the thin film in comparison to that on high resistivity silicon wafer stems from the low dielectric attenuation in the thin film. The E-field distribution on the cross-section of FGC waveguide and thin film is show in Fig. 7 . To determine the relative permeability of the thin film, Ansoft HFSS 10 was employed to model the finite ground coplanar waveguide with the thin film. In the simulation setup, the relative permittivity was assumed to be 1.19 and 11.9 for the thin-film and for the silicon substrate, respectively. The effective dielectric/magnetic constant of the thin film was simulated over the frequency range of 20-30GHz. The simulated and measured dielectric/magnetic constants are shown in Fig. 8 . A relative permeability with a value of 68 has matched the measured data throughout the measurement frequency range from 20 to 30 GHz. Compared to [2] , the extracted relative permeability is increased by ~15%. The simulated characteristic impedance is increased from 51 ohms to 55 ohms at 30 GHz. achieved. An attenuation of 0.27dB/mm was achieved at 30 GHz. This method can pave the way for highly compact low loss components (inductor, attenuator) on silicon substrate for wireless applications up to 60 GHz.
